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Using the spin Seebeck effect (SSE), we study the propagation distance of thermal spin currents
inside a magnetic insulator thin film in the short-range regime. We disambiguate spin currents
driven by temperature and chemical potential gradients by comparing the SSE signal before and
after adding a thermalization capping layer on the same device. We report that the measured spin
decay behavior near the heat source is well accounted for by a diffusion model where the magnon
diffusion length is in submicron range, i.e. two orders of magnitude smaller than previous estimates
inferred from the long-range behavior. Our results highlight the caveat in applying a diffusive theory
to describe thermal magnon transport, where a single decay length may not capture the behavior
on all length scales.
The generation of pure spin currents by heat [1, 2] is
a tantalizing issue, which offers a unique opportunity to
reach strong out-of-equilibrium regime with large spin
current density produced inside a magnetic material [3].
Interests lie in the prospect of reaching new collective
dynamical behaviors of spin transport such as the hydro-
dynamic regime conspicuous by the emergence of tur-
bulences [4]. Magnon superfluidity may even establish
when the density exceeds the Bose-Einstein condensa-
tion threshold under large temperature gradients applied
to low damping magnetic insulators, such as yttrium iron
garnets (YIG) [5, 6], where local heating can be provided
by injecting a large electrical current density through an
adjacent metal, advantageously in Pt [7–9], or by opti-
cally heating with a laser [10–12].
The spin transport properties are governed by λ, the
characteristic decay length of the spin information. Pre-
vious reports on measuring λ in YIG at room tempera-
ture by the spin Seebeck effect (SSE) indicates that for
distances larger than ∼10µm (long-range regime), the
SSE signal follows an exponential decay with a character-
istic length of the order of λ0 ≈ 10 µm [13, 14]. This large
value is believed to exceed `, the magnon mean free path
(energy non-conserving decay length), which is expected
to be on the order of few nanometers [15, 16], suggesting
there that magnons behave as a diffusive fluid [17]. How-
ever such a large value of λ0 may seem surprising for ther-
mal magnons. If one extends the magnon dispersion up to
the THz-range, the extrapolated ballistic decay length for
thermal magnons is λbal = λex/(2α
√
ωT /ωM ) = 2 µm,
where ωT = kBT0/~ = 2pi × 6.25 THz, T0 is room
temperature, λex ≈ 15 nm is the exchange length in
YIG, α ≈ 10−4 [18] is the Gilbert damping, and ωM =
γµ0Ms = 2pi × 4.48 GHz. However this estimate λbal,
which is already smaller than λ0, should be considered
as an upper bound because i) the magnon lifetime is ex-
pected to be reduced in the THz-range [19] ii) the group
velocity is reduced towards the edge of the Brillouin zone
[20, 21], and iii) it does not account for the
√
`/λbal re-
duction of the characteristic propagation distance due to
diffusion process.
In fact, the distance range of the transport study is
also a potent mean to select a very specific part of the
magnons spectrum. In experiments focusing on the long-
range behavior, one has in essence efficiently filtered out
any short decay magnons. Behind this debate lies a fun-
damental question of how well magnon transport can be
described by a diffusive model forming one fluid with a
single λ, whose value would govern SSE on all length
scales. Submicron lengths have been inferred from sev-
eral longitudinal SSE measurements in spatial [22, 23]
and time domain [11, 24]. In nonlocal SSE measure-
ments, where two different Pt strips are used for the spin
injection and detection, only longer spin decay lengths
have been reported. The existence of shorter decay
lengths has been difficult to observe because the volt-
age induced by SSE shows a nontrivial spatial decay as a
function of the Pt detector position near the heat source
[4, 25]. The complex decay profile can be attributed
to the competition between magnons driven by the gra-
dients of temperature and magnon chemical potential
[17, 26, 27]. It has been difficult to control these two
sources of spin excitation in experiments, which hinders
a correct extraction of a characteristic decay length near
the heat source.
In this paper we develop a way to disambiguate these
two contributions after altering the temperature profile.
We monitor on the same devices the short-range SSE
signal before (case A) and after (case B) capping it with
a non-magnetic aluminum layer. The capping allows to
change the vertical thermal gradient without altering the
YIG interface. We observe that the sign of SSE voltage
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2FIG. 1. (a) Comparison of the measurements of the local (V1)
and nonlocal (V2) voltages generated in YIG|Pt|Si3N4 (case
A) and YIG|Pt|Si3N4|Al (case B) stacks. Experiments are
performed on the same devices before and after the deposi-
tion of an Al capping layer (left and right schematics). Two
Pt electrodes deposited on top of YIG film monitor the spin-
transconductance when an external magnetic field H0 rotates
in-plane in the azimuthal direction ϕ. The center-to-center
distance d between the two electrodes is varied between 0.5µm
to 6.3µm. (b) Calculated vertical temperature gradient pro-
files at the top YIG surface at 2 mA. The light blue shaded
region indicates the inverted gradient in case B. Beyond this
region, ∂zT is about three orders of magnitude larger in case
B. The insets are the calculated temperature profiles for both
cases.
inverts twice within a distance of 1 µm from the heat
source for case B. The corresponding sign reversal of SSE
suggest that the magnons clearly sense the change in local
temperature gradient taking place for case B. With a sim-
ple diffusive transport model, the measured SSE decay
profile for both cases can be reproduced if one introduces
a thermal magnon diffusion length λ ≈ 300±200 nm. The
extracted short λ from our measurement fills the gap be-
tween different length scales reported in the longitudinal
and nonlocal SSE measurements.
We use a 56 nm thick YIG(111) film grown on a 500µm
GGG substrate by liquid phase epitaxy. Ferromagnetic
resonance experiments have shown a damping parameter
of 4×10−4 revealing an excellent crystal quality of the
YIG film [28]. The sample structure and measurement
configuration are shown in Fig. 1(a). In our notation,
subscripts 1 and 2 refer to the voltages measured by the
Pt1 and Pt2, respectively. We show the data for both
YIG|Pt|Si3N4 (case A, red) and YIG|Pt|Si3N4|Al (case
B, blue). The color conventions will be used consistently
throughout the paper. Two Pt strips (Pt1 and Pt2) with
FIG. 2. (a,c) Angular dependence of the background sub-
tracted local voltage δVϕ measured in the Pt injector strip
for the current of I = ± 0.8 mA and external magnetic field
of µ0H0 = 200 mT. We subtract the reference voltage Vy from
the raw signal to remove any contributions not associated with
magnons. In (b) and (d) we decompose the measured magne-
toresistive voltage into two components : Σ and ∆, the even
and odd contributions of the signal with respect to the mirror
symmetry along the yz plane (see the main text).
width of 300 nm, length of 30µm and thickness of 7 nm
have been evaporated directly on top of the YIG film.
The center-to-center distance d between two Pt strips
varies from 0.5 to 6.3µm. The sample is then covered by
a 20 nm thick Si3N4 protection film. After full characteri-
zation of the different devices, a 105 nm thick Aluminum
layer with length 30µm and width 10 µm is deposited
on the top of the Si3N4 film, and the same devices are
measured again. The sample is submitted to an external
field of µ0H0 = 200 mT rotating within the xy plane
(in-plane configuration).
We first show the expected change in temperature pro-
file by the Al capping in Fig. 1(b). At the Pt injector,
∆T is about 40 K lower in case B. The reduced temper-
ature rise is experimentally confirmed by measuring the
Pt1 resistance (see the supplemental material [29]). Be-
sides the change in the temperature profile, the gradient
profile also shows a dramatic change. While in case A the
thermal gradient is always directed downwards (into the
substrate), in case B, a large thermal gradient directed
upwards (into Al) is created half a micron away from the
source. The shaded region highlights the effect. Since
the vertical thermal gradient drives the SSE, this feature
gives rise to an additional signal at Pt2.
We use the same method demonstrated in our previous
work to extract the SSE voltage [8]. As an illustration, we
display the background-subtracted local voltage δVϕ =
Vϕ − Vy measured with the Pt injector on YIG|Pt|Si3N4
at ± 0.8 mA as a function of the in-plane magnetic field
3FIG. 3. (a) Current dependence of measured local ∆1 for case A (YIG|Pt|Si3N4) and case B (YIG|Pt|Si3N4|Al). The red solid
line shows that the local ∆1 follows the expected behavior based on the temperature rise with increasing current. (b) Measured
current dependence of nonlocal ∆2 for three different d’s for the case A (red) and B (blue).
angle ϕ in Fig. 2(a). The offset Vy, measured when
the magnetic field is applied along the y axis (ϕ = 90◦),
takes account of all the spurious contributions to the spin
transport [30]. To distinguish the SSE from the spin
orbit torque, we define two quantities based on the yz
mirror symmetry: Σϕ,I ,∆ϕ,I ≡ (δVϕ,I ± δVϕ,I) /2 where
ϕ = pi−ϕ. Figure 2(b) and (c) show the evolution of the
extracted Σ and ∆ as a function of ϕ for both polarities
of the current I. Σ is antisymmetric with respect to the
current and evolves as cos 2ϕ, as expected from the spin
Hall magnetoresistance effect [31–33]. ∆ shows a cosϕ
angular dependence and is symmetric with respect to the
current, consistent with the SSE [34]. In the following,
we shall exclusively focus on the SSE voltage (∆).
Next, we compare the full current dependence of the
SSE voltage ∆1(I) (∆ϕ=0,I in Pt1) for both case A (red)
and case B (blue) in Fig. 3(a). We clearly see that the
voltage is negative for both cases over the entire cur-
rent range. The parabolic curvature observed at low
currents decreases when the Al heat sink is introduced,
which agrees with the reduced temperature rise. We ob-
serve that ∆1(I) reaches a minimum at 2 mA for case A
with the minimum shifting to a higher current for case
B. We attribute this reversal of the slope as the growing
influence of the vanishing YIG magnetization as one ap-
proaches Tc=560 K, the Curie temperature of YIG [35].
The current dependence of ∆1(I) for case A can be re-
produced by an empirical formula ∆1 ∝ M(T )(T − T0),
where M(T ) is the saturation magnetization at the tem-
perature T , while T0 = 300 K is the temperature of the
substrate. From the fit as shown in Fig. 3(a) one can
extract the spin Seebeck coefficient 0.08µV K−1 in good
agreement with previous estimates [36] (see the supple-
mental material for detail [29]).
While the local voltage ∆1 is negative, the non-local
voltage ∆2’s from devices in case A are positive for all the
different distances (red curves in Fig. 3(b)). This obser-
vation is consistent with the previous works that reported
a single sign reversal of the SSE voltage measured as a
function of distance from the heat source [25, 37, 38].
It has been reported that the characteristic distance at
which the magnon accumulation changes the sign can
be tuned by varying the magnetic film thickness [25] or
magnon diffusion length [37]. The situation is quite dif-
ferent for case B, as shown with the blue dots in Fig.
3(b). In the vicinity of the injector, the nonlocal ∆2 is
still positive at 0.7µm but much smaller than case A.
The sign of ∆2 for case B eventually becomes negative
when the Pt detectors are positioned at 1µm and 2.3µm
away from the injector. Our understanding of the sign
changes as a function of d is as follows: at d = 0, heat
drags magnons from Pt1 down into YIG (negative sign
SSE); at larger d, magnons can transfer spin from the
YIG bulk into Pt2 (positive sign); adding Al creates a
region of inverted heat flow over a short range (positive
sign within 0.2 and 0.5 µm) and significant heat flow
down into YIG over a longer range (negative sign). The
fact that we see a negative signal after the second cross-
ing signifies that the positive SSE driven by the magnon
diffusion already becomes diminished and the local tem-
perature driven SSE dominates. In this perspective the
second crossing point may put a constraint on the esti-
mate of the thermal magnon diffusion length.
To model our experiment, we treat the magnons in YIG
as a diffusive gas with temperature T and chemical po-
tential µ described by a set of transport coefficients [17].
The measured ∆ signal is proportional to the magnon
chemical potential at the interface between YIG and Pt
[39]. The continuity equation for spin current density Js
in the steady state is
−∇ · Js = gµ, (1)
where g is spin relaxation coefficient. In linear response,
the transport equation is
Js = −σ(∇µ+ ς∇T ), (2)
4FIG. 4. Comparison of the experimentally measured ∆’s at 1 and 2 mA with the numerically calculated chemical potential
profile for (a) case A and (b) case B on a symmetric log scale. The result with λ = 0.1 µm reproduces the measured double
crossing as shown in (b). The second crossing does not appear anymore when increasing λ to 0.5 or 1µm. (c) Contour plot of
the second crossing position d2 as a function of λ and thermal conductivity of Si3N4. The black lines represent the iso-lines for
different d2’s. The arrow points to the value of κSi3N4 used in panel (a) and (b).
where σ is the spin conductivity and ς is the bulk spin
Seebeck coefficient. The two equations are combined and
lead to
µ
λ2
= ∇2µ+ ς∇2T, (3)
where λ =
√
σ/g is the thermal magnon diffusion length.
We use a finite element method, COMSOL, to calcu-
late the temperature profile and the magnon chemical po-
tential µ in a 2D geometry (see supplementary material
for details [29]). The second crossing point d2 observed
in the case B, as indicated in Fig. 4(b), is an important
feature that reveals the inverted heat flow near the heat
source as shown in Fig. 1(b). The calculated spatial pro-
files of µ for three different values of λ are compared with
the experimental data in Figs. 4(a) and (b) after normal-
ization to the measured values at d = 0 µm. We find that
the second sign reversal at d2 can be reproduced with a
short λ = 100 nm. Increasing it to 0.5 or 1 µm, how-
ever, no longer reproduces the second crossing in case B
(compare solid line with dashed and dotted lines in Fig.
4(b)).
The fit value of λ depends on other parameters in the
model. The second crossing point, d2, can be affected
by the temperature profile at the interface, which is sen-
sitive for example to the thermal conductivity of Si3N4.
We show a contour plot for d2 as a function of κSi3N4 and
λ in Fig. 4(c). The measured second crossing constraints
the parameter space to the line along d2 = 1 µm. The
second crossing is not observed for λ > 500 nm regardless
of κSi3N4 . These considerations can be further modified
by the interfacial SSE due to the magnon-phonon tem-
perature difference at the interface [40, 41]. Enhanced
local temperature driven contribution to the measured
signal can increase λ for a given d2. To have quantitative
agreement with the data, we get there an upper bound
of also λ ∼ 500 nm, although it is worth to mention that
in the limit of large temperature mismatch between the
YIG and the Pt one can reproduce but only qualitatively
the single crossing in case A and double crossing in case
B for much larger λ (see the supplemental material [29]).
Although our proposed fit with a diffusive equation
parametrized by λ ∈ [100, 500] ≈ 300± 200 nm captures
well the short-range behavior in both cases A and B,
we emphasize that this does not contradict earlier works
[13, 25]. The data observed for case A are similar to the
one already observed in other YIG devices, where the fit
of the long-range decay behavior has lead to the larger
λ0 ≈ 30 × λ [42]. Therefore the difference is not the il-
lustration of a discrepancy but rather of the limit of the
diffusive model. We also note that our extracted λ is
close to the previously reported energy relaxation length
of magnons [11, 22–24], where the connection needs to
be further explored [43]. Also being linear our theory
does not explain why the decay length seems to depend
on the current values (filled dots vs unfilled squares in
Fig. 4(a)). However it has been established that at large
current densities, one is approaching the damping com-
pensation for subthermal magnons [8], a mechanism that
would significantly increase their populations. Signifi-
cant participation of these magnons to the SSE should
increase the decay length, in agreement with the experi-
mental findings observed at higher current [8]. This sug-
gests that low energy magnons are also involved in the
SSE [11].
5As a summary, we measure the spatial distribution of
thermal magnons in a thin YIG film. We altered the tem-
perature profile across the YIG film with an aluminum
layer. This results in that the non-equilibrium thermal
magnon profile deviates from an exponential decay and
shows a double sign reversal. We use a linear response
magnon transport theory to obtain the short-range ther-
mal magnon diffusion length of a submicron range, which
is about two orders of magnitude smaller than the value
found in previous reports focused on the long-range mea-
surements. Our results suggest that local heating pro-
duces a multiscale magnon diffusion phenomena, where
magnons at thermal energy remain mostly localized near
the source.
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TEMPERATURE CHARACTERIZATION
We characterize the temperature rise induced by Joule
heating using the Pt resistance as a temperature sensor.
The Pt injector is connected to a 6221 Keithley, which
generates a 10 ms pulse current with a duty cylce of
10%. The voltages are measured with a 2182A Keithley
nano-voltmeter [1]. In the inset of Fig. S1 we plot the
rational increase of Pt resistance as a function of ambi-
ent temperature between 220 and 300 K. The change in
resistance ∆R is linearly proportional to the tempera-
ture rise ∆T = T − T0, i.e., ∆R(T )/R0 = ζ∆T , where
R0 is the initial resistance and ζ is the thermal coeffi-
cient of resistance and T0 = 300 K is room temperature.
We obtain ζ = (2.1 ± 0.3) × 10−3 K−1 for our Pt strip
from the fit. The increase of resistance and correspond-
ing temperature rise as a function of current are plotted
in Fig. S1. The Pt temperature increases quadratically
with applying current owing to the Joule heating (∝ I2).
The temperature rise in Pt is about 45 K lower after the
Al deposition at 2 mA (current density of ∼ 1012 A/m2).
This indicates that the Al layer effectively spreads the
heat from the Pt injector.
FIG. S1. Resistance increase and the corresponding temper-
ature elevation in the Pt strip as a function of the injected
current with and without Al capping (red and blue dots, re-
spectively). The solid red and blue lines are quadratic fits to
the data. The inset shows the temperature dependence of Pt
resistance. The yellow line is a linear fit to the data.
DETAILS OF THEORETICAL CALCULATION
The temperature profiles and the chemcial potential
are calculated in a 2D geometry using a finite element
method, COMSOL. We choose a boundary condition
that the top and side surfaces are thermally isolated and
the bottom is held at room temperature. We assume
that µ vanishes outside of YIG. The geometry was cho-
sen to be the same as the actual sample size except that
the lateral size of sample and the thickness of GGG are
reduced to 30 µm to facilitate the calculation. The ther-
mal conductivity parameters are 9, 7.4, 29, 220, and 0.5
Wm−1K−1 for GGG [2], YIG [2], Pt [3], Al [4], and Si3N4
[5], respectively. The value of the spin Seebeck coefficient
ς does not affect the decay profile and set to be 1 kB . The
thermal magnon diffusion length λ is varied. The calcu-
lated temperature profiles at the top of YIG surface are
shown for the two cases in Fig. S2. The temperature
difference at d = 0 µm (the center of Pt injector strip)
between two cases is 37 K, which roughly agrees with the
measured temperature difference at 2 mA as shown in
Fig. S1. To check the validity of calculated temperature
profile, we measured the temperature rise at the position
of the detector in case A. Our estimation yields a temper-
ature drop of 46% for the detector placed at d= 0.5µm
away from the injector. This is larger than the simu-
lated temperature drop of 30% over the same distance
(red curve in S2). The discrepancy may arise from (1)
FIG. S2. Calculated temperature rise profiles for two cases
with and without the Al layer at 2 mA.
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2the simplification to 2D modeling, (2) possible difference
in parameters between the simulation and measurement,
and (3) heat taken away from the Pt detector, which is
not accounted in the simulation.
TEMPERATURE DEPENDENCE OF THE
LOCAL SSE VOLTAGE
In Fig. 3(a) of the main text we fit the measured
current dependence of ∆1 for case A. The measured lo-
cal SSE voltage follows the analytical expression ∆1 =
SLPt 〈∂zT 〉, where S is the spin Seebeck coefficient, LPt
is the length of the Pt electrode, and 〈∂zT 〉 is the verti-
cal temperature gradient across the YIG thickness. The
latter is proportional to the temperature rise of the Pt
injector: 〈∂zT 〉 = (T − T0)/lT , where T0 = 300 K is the
substrate temperature and lT is the characteristic decay
length of temperature from the top surface. By compar-
ing the measured Pt temperature rise T−T0 = 130 K at 2
mA with the expected 〈∂zT 〉 = 10 K/56 nm as shown in
Fig. 1(b) of the main text, we obtain lT ∼ 730 nm. As-
suming that the temperature dependence of S is simply
due to µ0M(T ) (in contrast with the fitted temperature
dependence used in a previous work [6]), the expression
for ∆1 becomes
∆1(T ) = C
LPt
lT
(T − T0)µ0M(T ), (S1)
where C ≡ S/(µ0M(T )). The temperature dependence
of magnetization follows an empirical formula,
µ0M(T ) = µ0M0(1− (T/Tc)a)b, (S2)
where µ0M0 = 0.217 T is the YIG saturation magnetiza-
tion at T = 0 K, while the exponents a = 2.6 and b = 0.88
are extracted from the fit as shown in Fig. S3 (data taken
from [7]). The expression for ∆1(T ) is converted to ∆1(I)
using the temperature-current calibration curve in Fig.
S1. Then we use C as a single fitting parameter to repro-
duce the observed behavior (solid red line in Fig. 3(a)
of the main text). The fit yields C = 0.45 µV K−1 T−1.
At room temperature, where the magnetization of YIG is
about 0.178 T, the spin Seebeck coefficient of our YIG|Pt
system is about S ≈ 0.08µV K−1, which agrees with a
previous work [8].
INTERFACIAL EFFECT
Another potential source of spin currents to consider
are interfacial effects at the Pt strips arising from the
Kapitza resistance, which creates a temperature discon-
tinuity, δT across the YIG|Pt interface [9, 10]. One can
assume that δT is proportional to the temperature gra-
dient at the interface, ∂zT . The measured SSE voltage
including the interfacial contribution can be written
FIG. S3. Measured temperature dependence of magnetiza-
tion. The red solid line is a fit.
VSSE = C1(µ− C2kB∂zT ), (S3)
where µ is the magnon chemical potential. C1 is a con-
stant, which normalizes the simulation results to the ex-
perimental data at d = 0 µm. C2 is a parameter propor-
tional to the Kapitza length, which represents the contri-
bution of the interfacial term. The negative sign implies
that the heat flow is along the opposite direction of the
temperature gradient. One can assume that C2 is the
same for both case A and case B for fixed d because the
Al layer does not touch either the YIG or Pt directly. We
recall also that in our cartesian frame z is the direction
normal to the film.
Figure S4 shows the effect of adding a constant C2
terms for four different values of λ. For C2 = 0.5 µm,
the simulation can reproduce the observed double cross-
ing in case B for all four values of λ. However λ = 1
µm case does not predict well either the observed first
crossing in case A or the second crossing in case B. It is
important to also point out that VSSE eventually follows
the temperature gradient profile in Fig. 1(b) of the main
text when the C2 term is dominant (Figs. S4(f)) even for
large values of λ. Thus in the limit of very large C2, the
observation of a double crossing of the sign of the SSE
in case B is not anymore conspicuous of a short decay
length of thermal magnons. But the other consequence
of assuming that the interfacial effects are dominant, is
to reduce strongly (more than 3 orders of magnitude) the
amplitude of the signal after the first crossing in case A.
The fact that we observe only a factor 10 reduction of
the SSE signal for case A in Fig. 3 of the main text be-
tween d = 0 and d = 0.7 µm thus points to a small value
of C2  0.5 µm. Experimentally, we have performed an
estimation of the Kapitza resistance by comparing the in-
crease of the Pt temperature inferred from the variation
of its resistance and the temperature increase of YIG in-
ferred from the decrease of the Kittel frequency due to a
change of Ms(T ), whose slope is about 0.4 mT/K at room
temperature [1]. We have found no temperature differ-
3FIG. S4. The simulated spatial profile of µ after normalization to the measured local ∆1. The simulation results are compared
to the measured ∆’s with varying λ for (a,c,e) case A and (b,d,f) case B with C2 = 0, 0.5, 10 µm. Only λ = 100 and 300 nm
show qualitative agreements for case B with C2 = 0. With increasing C2 = 0.5 µm, λ = 500 nm gives rough agreements for
both cases (c and d). However λ = 1 µm does fit neither the first crossing in case A nor the second crossing in case B well.
The simulation does not fit the case A anymore with C2 = 10 µm even though the double crossing in case B can be reproduced
(e and f).
ence between the Pt and the YIG underneath within the
uncertainty of 2 K when the increase of temperature rise
is T − T0 = 70 K. At 2 mA, where T − T0 = 130 K,
the temperature gradient is 0.2 K/nm. From this, we
estimate an upper bound of Kapitza length of about 20
nm.
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